The present study intends to give some experimental information on secondary flows and on the associated total pressure losses occurring within turbine cascades. Part
indicates spanwise number of control areas in the whole span mid : indicates mid-span (Superscripts)
: indicates pitchwise mass-averaged value : indicates overall mass-averaged value
INTRODUCTION
As reviewed by Sieverding in his recent paper [1] , recent progress in basic secondary flow research by many workers has produced a fairly detailed description of the flow mechanisms in turbine blade passages, such as leading edge vortices and their associated three-dimensional separation and reattachment lines. The present author agrees with one of his conclusions, i.e., "it is absolutely essential to know whether each such flow mechanism occurring within the cascade is of only local or of overall significance, since this conditions, to a large extent, the choice of the appropriate endwall flow analysis method". Such knowledge is also important for practical use by designers in companies and by researchers in the field. This leads to a need of more data to estimate quantitatively the role of each mechanism. Experimental data based on detailed traverse measurements made within various blade rows is especially needed because the real mechanism could be revealed, without the necessity of trying to visualize the mechanism from such results as can be obtained outside the rows. Within the author's knowledge, such complete flow surveys within blade rows have been limited to the following; Langston et al. [2] and Gregory-Smith and Graves [3] for low-speed straight rotor ,cascades, Sieverding and Wilputte [4] for a high-speed straight stator cascade, and Marchal and Sieverding [5] for both low-speed straight stator and rotor cascades.
In addition to the above straight cascades, Sieverding et al.
[6], Boletis et al. [7] , Boletis [8] , and Yamamoto and Yanagi [9] have presented some detailed traverse data obtained within annular stator cascades.
The present paper intends to give more information on the secondary flow/loss mechanism, based on measurements in two types of turbine cascades with different turning angles.
TEST CASCADE AND TEST CONDITION

Low-Speed Straight Turbine Stator Cascade
The blade profile is the same as the MEAN profile of the first-stage high-pressure turbine stator for aeroengine use [10] and is given in the appendix. The major specifications of the present cascade are as follows;
--Blade chord, C = 104.4 mm --Axial blade chord, Cax = 81.5 ma --Blade pitch, S = 76.77 mm --Aspect ratio, H/C = 0.96 --Solidity, C/S = 1.36 --Number of blades, N = 5 --Cascade inlet angle(at design), ey,inlet = 0°--Cascade outlet angle(at design), ey,outlet = -68°--Turning angle(at design) = 68°I t is characterized by a large turning-angle, thick leading-and trailing-edges, low aspect-ratio and low solidity.
The cascade wind tunnel is of a suction type. It consists of two vertical plates for cascade endwalls between which a cascade is installed. Two inlet guide plates and two outlet guide plates are set upstream and downstream from the cascade, respectively. A part of one endwall can be moved in the pitchwise direction of the cascade by a pulse motor drive. On the movable wall, there is a radial traverse gear for moving a sensor with a pulse motor drive is set.
The stator blades were made of engineering plastic. Clearance between the movable wall and the blade tip was sealed by felt material. This can be seen in Photo 1 in Part 2. In the present test of the stator cascade, two sheets of about 5mm-wide x 0.1mm-thick aluminium film are adhered near two blade tips. This was for making electric contact of the sensor with the blade surface in order to stop the present automatic measuring system, when such contact happens during the traverse measurements.
Test Condition
Fourteen measuring planes analyzed in the paper are shown in Fig.1 . The cascade outlet flow velocity far downstream of the cascade was kept constant for all traverse measurements. For this, a Prandtl-type total/static pressure probe was used. The test Reynolds number, based on mass-averaged outlet velocity at the furthest downstream traverse plane (plane 14, Z/Cax=1.28) and the blade chord, was about 2.8 x 10 5 . 1.66 The above boundary layer parameters were calculated from the spanwise distribution of the pitchwise mass-averaged resultant velocity at the cascade inlet plane 1 (i.e., Z/Cax=-0.25 in Fig.5 ).
The sensor used for traverse measurements was a cobra-type five-hole pitot tube, with a head size of 1.5mm. All traverse measurements were made under automatic control of a micro computer. The mechanical resolution of the device was less than 0.01mm for both spanwise and pitchwise direction of the cascade. All pressures were measured by individual transducers to save the scanning time of the pressures. Yaw direction of the pitot tube was kept in a constant direction during each traverse measurement. Absolute flow directions were then determined by using the pressure data with a calibration map which was programed on a Vax 11/750 mini computer.
ANALYSIS METHOD Definition of Secondary Flow (Deviation from Flow at Mid-span)
In the present analysis for straight cascades, the pitchwise local flow directions at the mid-span were used to determine the secondary flow vectors at other spans; secondary flow vectors were calculated in a way that flows at other spans were projected onto a plane normal to the flow direction at the mid-span which is located at the same pitchwise location as the calculated points.
The secondary flow velocities (Vs) were normalized by the mass-averaged flow velocity at plane 14 , i.e., Vm,14 at Z/Cax=1.28. The normalized secondary flow vectors were drawn by looking at them from the downstream side of the cascade.
The secondary kinetic energy coefficient Csk is defined by The averaging method adopted is that of mass-averaging. In each small control area ( A,i,j ) formed by four neighboring measuring points, the values at the four points of yaw flow angle( ey,i,j ), resultant velocity ( Vm,i,j ), total pressure loss coefficient ( CPt,i,j ), axial velocity ( Vz,i,j ) and secondary flow velocity (Vs,i,j) were arithmatically averaged individually. In the region near the blade surfaces and the endwalls, the values on the surfaces and on the walls (i.e., boundary values) were estimated with a linear extrapolation of experimental data, and the same averaging procedure was applied to each control area in the region by using four values of two measured data and two estimated boundary values. Then, pitchwise 
S1, S2 and S3 Planes
Similarly to Wu's definition [11] of surfaces, i.e., S1 and S2 surfaces, for cascade flow analysis and an additional plane S3 were defined as follows (see also the sketch in [5] and Gregory-Smith and Graves [3] , the figures from planes 9 to 11 show that the passage vortices roll up the low-energy fluids onto the S.S. and that they generate high-loss cores there, while they make the loss region near the pressure surface/endwall corners thinner.
Downstream the cascade from plane 12 to 14, the strength of rolling-up of the passage vortices increases once in the wake at plane 12 and decreases further downstream. The wake width gets wider and the loss 
4=0.05
S3 Plane 4, (0.12) and passage vortices of this rather flat form are similar to those obtained by Gregory-Smith and Graves [3] for a straight rotor cascade with 110° turning. It is noteworty that the distance of the passage vortex center from the endwall is always constant through this stator cascade.
Static Pressure Distribution on Sl, S2 and S3 Planes within Stator Cascade (Fig.3) The two S1 (blade-to-blade) planes shown in Fig.3 correspond to the planes located apart from the hub endwall by 1.48 % and 50 % of the span height. On the other hand, the two S2 surfaces are not located at constant distances from each blade surface and may be seen as the lines connecting all edges at the S.S. side or the P.S. side of the contours on S1 and/or S3 planes in Fig.3 .
Comparison of solid lines and dash lines on the S1 plane indicates that the blade-to-blade static pressure distribution at the mid-span differs from that near the endwall, due to the endwall shear flows. The differences can be found especially in the regions near the P.S. side of the upstream region and near the S.S. side of the downstream region within the cascade. Departure of the point of minimum static pressure from the S.S. was discussed by Langston et al.
[2] based on their endwall static pressure data in a straight rotor cascade. The present results on the two S1 planes show that the points are always located apart from the S.S. not only on the endwall but also at the mid-span.
Static pressures over the P.S. are fairly uniform along the span except near endwall corners, as seen from the result on a S2 plane near the P.S. The pressures over the S.S., however, are fairly non-uniform, especially near endwalls downstream from the passage throat. This was caused by the two passage vortices. The contours of CPs at the three S3 planes show the change of the static pressures within the cascade; up to plane 7 (Z/Cax=0.49), no significant disturbance occurred.
Total Pressure Loss Distribution on Sl, S2 and S3 Planes within Stator Cascade (Fig.4) The loss distribution on the S1 plane near the hub endwall reveals two peaks; one is located at the inlet region and the other is located in the flow deceleration region near the S.S. just downstream from the throat. The former may be located in the low-energy region along the pressure side separation line(s) shown by Sjolander [14] and by Marchal and Sieverding [5] . The latter location corresponds roughly to the minimum pressure point near the endwall, as seen previously. It may be interesting to note that there is a corner region along the S.S. (indicated by CPt=0.06) where CPt is lower than in the neighboring region. The region extends up to Z/Cax=0.37 (plane 6). This corresponds to the plane where the suction-side leg of the leading-edge horseshoe vortex almost disappeared.
The loss distribution on the S2 plane near the P.S. shows that high-loss regions are restricted only to P.S./endwall corners near the leading edge. The other distribution on S2 near the S.S., however, shows that low-energy fluids gradually cover the surface from the endwall side toward the mid-span. Then the low-enegy fluids rapidly cover the deceleration flow region downstream of the throat.
The results given at various S3 planes show the migration of endwall low-energy fluids from the pressure side to the suction side. See especially the movement of the maximum loss values along the walls. Except for the high-loss core on the tip endwall, there exist three local peaks on the S.S. near the trailing edge, as seen at the S3 plane 11 (Z/Cax=0.92) and at the S2 plane near the S.S.. Two of these were produced by the interaction of the passage vortices with the S.S. near the endwalls. The other, at the mid-span, may be produced by the suction surface boundary layer fluids plus some of the low-energy fluids transported from both of the loss cores.
Spanwise Distribution of Pitchwise Mass-Averaged Yaw Angle, Velocity and Loss Through Stator Cascade (Fig.5 ) Fig.5 shows, from the yaw angle variation, that the actual turning-angle in the present test is about 65°. The incidence is -2.9°. The yaw angle at plane 4 (Z/Cax=0.12, just downstream from the cascade inlet plane) shows very large variation close to the endwalls. This was probably caused by endwall separation near the P.S., as was seen in Fig.2 . All the yaw angle curves from plane 6 to 14 show typical shapes of yaw distribution under the effect of secondary flows (passage vortices); i.e., the curves have two under-turning parts and two over-turning parts near the endwalls compared to the angle at the mid-span.
The velocity distribution of Fig.5 shows fairly large acceleration of the cascade flow and the change of the boundary layer profiles through the cascade. The ratio of acceleration (Vm,14/Vm,1) is about 2.78. The inlet boundary layer thickness is about 0.2 of the span height. Effects of the passage vortices on the velocity curves appear especially at planes from 11 •to 14; velocity defects at planes 13 and 14 occur at about 0.18 x span height from both endwalls.
CPt increased rapidly at plane 12 which is located just downstream from the cascade (Z/Cax=1.01).The value includes the wake loss. Downstream from the cascade (see planes 12 to 14), the rate of the increase goes down. The local peaks of CPt at planes 12, 13 and 14 close to the endwalls correspond to the high-loss cores. Apparently they are caused by the passage vortices.
Evolution of Overall Total Pressure Loss through Stator Cascade (Fig.6)   Fig.6 presents an evolution of overall total pressure loss and of the loss obtained at the mid-span location. The latter might correspond roughly to the cascade profile loss if loss migration from the endwall to the mid-span were small. The difference between the overall loss and the mid-span value may be considered to be roughly equal to the secondary loss, including the endwall boundary layer loss.
The loss in the present cascade shows little growth up to about Z/Cax=0.74 (plane 9) but rapidly increases from there to the trailing edge. Plane 9 corresponds to a plane at which the rolling-up of the low-energy fluids onto the S.S. starts.
The secondary kinetic energy coefficients are also included in the same figure and they grow a little at the cascade inlet and between Z/Cax=0.5 and Z/Cax=1.0.
Downstream from the cascade, the growth rates of both overall loss and the mid-span loss decrease. The value of the secondary kinetic energy also decreases. 
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CONCLUSIONS
The present study gave fairly detailed experimental data of secondary flows and losses in a straight stator cascade in order to estimate the loss mechanism quantitatively. A weak counter vortex, the suction-side leg of the leading-edge horseshoe vortex, appeared at the suction surface/endwall corner in the upstream region of the present cascade but had no significant effects on the loss value. There was a high-loss region on the endwall near the pressure side of the cascade inlet region within the cascade, probably caused by the pressure-side leg of the leading-edge horseshoe vortex. This also did not affect the overall loss to any recognizable extent. Most of the loss produced within the cascade was due to the interaction of passage vortices with the suction surface downstream from the cascade throat. where DL, DT and Dmax represent diameters of blade leading-edge, trailing-edge and blade maximum thickness, and CHORD represents blade chord length. The coordinate points were smoothly connected to make the blade profile.
